We show that the upconversion emission spectra of Tm 3 and Yb 3 codoped β-NaYF 4 -NaYF 4 core-shell nanoparticles can be judiciously modified by means of plasmonic nanocavities. Our analysis indicates that more than a 30-fold increase in conversion efficiency to the UV spectral band can be expected by engineering the NIR absorption and the local density of states. The effect of the nanocavity on the resulting radiation patterns is discussed. Our results are exemplified in cylindrical cavity geometries.
Photon upconversion (UC) is an anti-Stokes process in which the sequential absorption of two or more photons leads to the emission of light at a shorter wavelength. Materials for which UC can take place often contain ions of d-block and f-block elements [1, 2] . In recent years, upconversion nanoparticles (UCNPs) have attracted considerable attention due to their potential applications in a number of areas such as bio-imaging, photovoltaics, drug delivery, and therapeutics, to name a few [3] . These applications have motivated research toward developing more efficient UC materials. For example, significant progress has been made in synthesizing codoped UC nanocrystals in which one type of doping (sensitizer) absorbs the radiation and transfers it to another type of doping (activator). Furthermore, the quenching through surface defects and nonradiative recombination has been substantially subdued by appropriately shelling the upconverting nanocrystals [4] . Despite these advancements, the low luminescence efficiency still remains a limiting factor for UC systems.
The efficiency of UC processes for each nanoparticle alone is mainly governed by chemistry and synthesis techniques. However, in applications where several upconverting nanoparticles can be encapsulated in submicrometer size cavities, photonics and quantum optics can provide appropriate tools to further customize their emission spectra and radiation patterns. For example, a threefold enhancement of near-infrared (NIR) absorption has been reported using gold nanoparticles in conjunction with Er 3 doped NaYF 4 UCNPs [5] . In addition, metallic patterning schemes have been suggested as ways to increase NIR absorption of UC nanocrystals [6] [7] [8] , but the emission in such structures is subject to quenching, since UCNP are placed in close proximity to metals.
In this Letter, we show that nanoscale metal cavities can be utilized to increase the efficiency of the UC processes by more than an order of magnitude. Our analysis is carried out for amalgams of β-phase NaYF 4 : Yb 3 , Tm 3 -NaYF 4 core-shell nanoparticles encapsulated in a cylindrical plasmonic nanocavity. In this case, the presence of the nanocavity alters the absorption characteristics as well as the local density of states (LDOS). The resulting effects are then incorporated into the rate equation model, which in turn dictates the emission spectrum. Finally, the impact of these nanocavities on the emission directionality of the UC systems is discussed. Figure 1 depicts the geometry of the system to be analyzed. The UCNP are embedded in a thin film of a polymer host with a matching refractive index of n 1.5 [9] . UC containing nanocavities are then formed by patterning cylindrical rods, which are subsequently shelled by aluminum tubes, as shown in Fig. 1 . Since the UCNPs dispersed in the polymer film are well separated from the metallic tube, this arrangement is less susceptible to quenching. This UC containing cylinder nanocavity is assumed to have a radius of 150 nm and a height of 200 nm. In our analysis, the radial thickness of the aluminum tube is taken to be 50 nm. This thickness can be larger without having a noticeable effect on the results presented in this study. The goal here is to maximize the conversion from the NIR band to the ultraviolet (UV) band. To this end, aluminum has been selected, since it has a lower dissipation loss at UV bands in comparison with other plasmonic metals such as gold and silver. In certain other applications in which the aim is to increase the conversion efficiency to visible, gold and silver tubes can be more appropriate choices.
Since UC is a nonlinear process, increasing the NIR absorption (effectively increasing the incident power delivered to the nanoparticles) can improve the conversion efficiency to all spectral bands. The ground state absorption (GSA) of the activator ions, as well as the excited state absorption (ESA), and stimulated emission (STE) processes in the sensitizer ions linearly scale up with the incoming photon flux density. These in turn influence the overall dynamics of the UC system.
The analysis for the absorption of the 980 nm NIR excitation is carried out using finite element methods (FEM). The net absorption coefficient of the polymer containing UCNPs is taken to be 5 cm −1 [5] . Figure 2 compares the NIR absorption from a bare cylinder [ Fig. 2(a) ] to that of the aluminum-tubed cylinder [ Fig. 2(b) ]. In these figures, the absorption profile is provided as a function of spatial cylindrical coordinates r and z. In both cases, the capsules are illuminated by a linearly polarized plane wave, which is incident from the bottom. For the aluminum-shelled structure, the FEM simulation predicts an overall enhancement factor (the polymer containing UCNP region) of more than three in the absorption in comparison with the unshelled cylinder.
The proposed plasmonic shielding also alters the LDOSs at the resonant transition frequencies of the sensitizer. The transition probability P if of the spontaneous emission process at a frequency ω if is governed by Fermi's golden rule and is directly proportional to the LDOSs ρ⃗ r; ω if at position ⃗r and is given by
where M if represents a dipole transition matrix element [10] . Since the output luminescence at frequency ω if is linearly proportional to the rate of the associated transition, in principle, by engineering the LDOS, one can fine tune the transition rates in order to increase the UC quantum yield at the spectral band of interest.
In Fig. 3 , FEM results for the enhancement of LDOS in the two aforementioned UC systems are presented. The simulations are performed for an ensemble of 10 randomly oriented dipoles, placed in random locations within the polymer cylinder. Figure 3 shows that, while the bare cylinder exhibits no marked features, the aluminum-shelled structure displays more than an 11-fold improvement in the LDOSs at the UV spectral band centered at 360 nm.
Through the above two mechanisms, the proposed nanoscale plasmonic cavity alters the dynamical response of the UCNP. This can be modeled by employing a set of rate equations adapted to these systems. The rate equations to these NaYF 4 : Tm 3 , Yb 3 based systems are given as
where vector n represents populations of the involved energy bands, which includes 2 F 7∕2 and 2 F 5∕2 levels of the activator (Yb 3 ) ions, and sensitizer ions originates from the near-field dipoledipole interactions. The parameters used in our analysis are extracted from available literature [11] [12] [13] .
The rate equation system is integrated using a RungeKutta method numerically. Other numerical techniques may also be employed by applying the steady-state condition ( _ n 0) to turn the system of differential equations into a system of algebraic equations. The output luminescence at the frequency of interest is then calculated by multiplying the population of an initial level with the decay rate associated with the corresponding final level. Using this technique, it is possible to find the full emission spectrum of UC nanoparticle systems. Figure 4 shows the spectrum of the two previously mentioned NaYF 4 : Yb 3 , Tm 3 -UCNP systems. The dotted line represents the luminescence spectrum of nanocrystals in the polymer rod while the solid line depicts the luminescence spectrum of UCNPs in the aluminum-tubed nanocavity of Fig. 1 . As shown in this figure, the inclusion of the nanocavity results in a 34-fold increase in the luminescence emission at the targeted UV spectral band centered at 360 nm. The simulation is performed for an excitation intensity of 1000 W∕m 2 with a spectral broadening of 2.6 nm at a wavelength of 980 nm. All emission signatures corresponding to the resonant transition frequencies in the Tm 3 and Yb 3 are assumed to have an identical Lorentzian line shape, while the transition probability is only affecting the peak values. The doping concentration of Tm 3 and Yb 3 ions is 0.3% and 25%, respectively.
In addition to improved UC efficiency at the desired spectral band, placing UCNPs in judiciously designed nanocavities can tailor their radiation pattern. Figure 5 shows the spatial structure of the electromagnetic (optical) mode supported by the above cavity at a wavelength of 360 nm. The quality factor of this mode is 21. No confined cavity mode could be identified at higher emission wavelengths in the visible and NIR wavelengths. The formation of this mode entails that, unlike the omnidirectional radiation from an ensemble of randomly oriented UCNP, the emission from the UCNP nanocavity has higher spatial coherence and therefore can be more effectively delivered to a target.
In conclusion, we proposed a plasmonic nanocavity as a means to engineer the emission spectra of UC nanocrystals. Our nanocavity provides up to a 34-fold increase in emissions at the 360 nm centered UV spectral band. This improvement is attributed to the modified NIR absorption and local photonic density of states in the presence of the proposed nanocavity. Although our analysis is applied to the NaYF 4 core-shell nanocrystals codoped by Tm 3 and Yb 3 , the results presented are generic. The proposed approach can be utilized in a variety of UC systems by optimizing the cavity size, metallic tube thickness, and by choosing an appropriate metal for tubing. Similarly, this analysis is applicable for different spectral bands. Since in our geometry the nanoparticles are not in direct contact with the metal, quenching, which is generally considered the most pressing limitation in using plasmonics resonances for UC enhancement, is of no concern. The UC containing nanocavities as proposed in this Letter could be potentially useful in drug delivery and release at target applications [14] . Fig. 4 . Spectrum of the NaYF 4 : Tm 3 , Yb 3 UCNP. The dotted line represents the luminescence spectrum of UCNPs in a polymer rod, while the solid line depicts the luminescence spectrum of UCNPs in the aluminum-tubed nanocavity of Fig. 1 . The inset shows the full spectrum (340-1840 nm). Below 700 nm, the emission is magnified by an order of magnitude to facilitate visual comparisons. Fig. 5 . Confined electromagnetic mode in the UCNP-polymer system surrounded by an aluminum tube. The cavity supports a plasmonic mode with a quality factor of 21 at UV (360 nm). The side and top views (taken at the center) of the jE norm j 2 of the UV mode are depicted in (a) and (b), respectively.
